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Abstract
Models of Titan ionospheric chemistry have shown that ion densities depend
strongly on the neutral composition. The turbulent diﬀusion transport condi-
tions, as modeled by eddy coeﬃcients, can spectacularly aﬀect the uncertainty
on predicted neutral densities. In order to evaluate the error budget on ion
densities predicted by photochemical models, we perform uncertainty propaga-
tion of neutral densities by Monte Carlo sampling and assess their sensitivity
to two turbulent diﬀusion proﬁles, corresponding to the extreme proﬁles at
high altitudes described in the literature. A strong sensitivity of the ion den-
sity uncertainties to transport is observed, generally more important than to
ion-molecule reaction parameters themselves. This highlights the necessity to
constrain eddy diﬀusion proﬁles for Titan ionosphere, which should progres-
sively be done thanks to the present and future measurements of the orbiter
Cassini.
Key Words: Atmosphere chemistry, Atmosphere composition, Atmosphere dy-
namics, Ionospheres, Titan.
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1 Introduction
Discrepancies between the outputs of diﬀerent models and available data are dif-
ﬁcult to assess in the absence of quantiﬁed uncertainties. In particular, modelling
the chemistry of planetary ionospheres involves numerous physical and chemical
parameters, which values are known from laboratory measurements with experi-
mental uncertainty factors. These uncertainty sources should be accounted for in
the modelling, in order to quantify the uncertainties on the model outputs and more
generally to evaluate the model predictivity (Wakelam et al. 2005; Zádor et al. 2006;
Hébrard et al. 2007).
In a previous work (Carrasco et al. 2006), we evaluated the uncertainties on a
Titan ionospheric chemistry model (based on the work of Banaszkiewicz et al., 2000),
due to the rate constants and branching ratios of ion-molecule reactions. Neutral
densities were considered as ﬁxed inputs, with the neutral density proﬁles calculated
by Lara et al. (1996). In parallel, Hébrard et al. (2007) studied the chemical kinetics
uncertainties in a photochemical model for neutral species in Titan atmosphere.
Considering that ion densities closely depend on the neutral atmosphere composition
(Keller et al. 1998), one can expect a direct impact of neutral uncertainties on ion
uncertainties. In order to evaluate this inﬂuence, we built a semi-coupled Titan
ionospheric model for neutral and ion species, using the chemistry model described in
Carrasco et al. 2006 with neutral density proﬁles and their uncertainties as calculated
by Hébrard et al. (2007).
Dynamics plays undoubtedly some role in the distribution of Titan’s both neutral
and ionic constituents but yet, the signiﬁcance of eddy diﬀusion processes is not
entirely known and still requires some attention. The eddy diﬀusion coeﬃcient K(z)
usually acts in photochemical modeling of planetary atmospheres as a free parameter
that must be estimated to ﬁt observations (see Fig. 1). In particular, the eventuality
that the globally averaged distribution of Titan’s constituents may be accurately
and simultaneously described with a single eddy diﬀusion proﬁle is still discussed
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(Wilson and Atreya 2004). Hidayat et al. (1997) inferred a low homopause proﬁle
(840 km) from their millimeter observations of HCN vertical proﬁle in much of the
lower regions of the atmosphere; Strobel et al. (1992) inferred a higher homopause
proﬁle (1040 km) from their analysis of Voyager UVS solar occultation and airglow
data; Toublanc et al. (1995) developed a very low homopause proﬁle (680 km) from
Toon et al. (1992) proﬁle and adapted it to ﬁt Tanguy et al. (1990) HCN distribution
and Voyager UVS data for methane CH4. This diversity of proﬁles is in part due
to the diﬀerences in the chemical scheme adopted by the authors. In fact, Hébrard
et al. (2007) showed that the eddy diﬀusion proﬁle may not currently be constrained
as tightly as expected. Uncertainties attached to the computed abundances can be
indeed so important that modifying the eddy diﬀusion coeﬃcient K(z) does not
change signiﬁcantly their agreement with the diﬀerent abundances inferred from the
available observations. It appears moreover that the uncertainty factors of computed
abundances are very sensitive to the choice of the eddy diﬀusion proﬁle adopted,
especially to the choice of a high- or low-homopause proﬁle.
[Figure 1 about here.]
In order to assess their eﬀect on ion densities, we considered two turbulent dif-
fusion proﬁles for the neutral species, corresponding to the extreme proﬁles at high
altitudes described in the literature (Strobel et al. 1992; Toublanc et al. 1995).
We ﬁrst evaluated the uncertainties on the ion densities for both neutral turbulent
transport cases, with a ﬁxed ion-molecule chemistry. Then, we calculated the con-
tributions of both uncertainty sources (neutral densities and ion-molecule reaction
parameters), and identiﬁed the main sources of uncertainty for all the major ions
predicted by our model of Titan ionosphere.
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2 Methods
2.1 Ion and neutral chemistry semi-coupled models for Titan
ionosphere
Titan ionospheric chemistry model (Banaszkiewicz et al. 2000; Carrasco et al. 2006)
is semi-coupled with a photochemistry model of neutral species (Hébrard et al.,
2007). Neutral density proﬁles are calculated with their uncertainties by the neutral
photochemistry model. These proﬁles, with their uncertainties, are taken as inputs
of the ionospheric chemistry model. Furthermore the correlations between neutral
densities are taken into account through their covariance matrix. Density proﬁles
are built with a 5 km scale in the 800-1300 km altitude range.
2.2 Uncertainty propagation
Because of non-linearities in the model and large uncertainties on numerous param-
eters, chances to be outside the validity range of linear uncertainty propagation are
important. To avoid this bias, we used a Monte Carlo sampling method, which
requires the deﬁnition of a probability density function for input parameters. As
their are not correlated, we design separately the probability density functions for
the kinetic parameters and for the neutral density proﬁles.
Uncertainties of kinetic parameters of ion-molecule reactions. The distri-
butions are parametrized from the preferred values and the uncertainties reported
in the review of Anicich and McEwan 1997. If an uncertainty value is not given for
rate constants, the preferred value is considered as being inaccurate, with a relative
uncertainty of 60% (highest uncertainty value reported in the review). The global
rate k is depicted by a log-uniform distribution (Carrasco et al. 2006).
As uncertainty is not quantiﬁed for branching ratios in the reference review, un-
certainty intervals have been deﬁned according to the statistical deviations reported
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in Carrasco et al. 2006: 10% for branching ratios larger than 0.5, 30% for branching
ratios between 0.1 and 0.5 and 100% for the smaller values. For a few reactions,
branching ratios are not reported. In such cases the pathways are considered as
equiprobable with an uncertainty of 90%. Branching ratios were previously (Car-
rasco and Pernot 2007) modeled by Dirichlet distributions, which respect the sum
rule for these parameters. In this work, we reﬁne our elicitation of the branch-
ing ratios with Dirichlet uniform distributions (DIUD), which have the additional
property not to favor any value within the given intervals (see the Appendix).
The sample for probability density function of ion-molecule reaction parameters
can be produced with the following procedure. In order to preserve the intrinsic
correlation due to the sum rule, partial reaction rates for a reaction with n pathways
are produced following three steps:
1. a global rate k is sampled from a log-uniform distribution;
2. the branching ratios, bi, are sampled from the DIUD method (see Appendix),
3. the partial rate constants, ki, are products of two random numbers (ki = kbi)n1 .
Uncertainties on neutral densities. The diﬀerent chemical sources of uncer-
tainties in photochemical models of Titan’s atmosphere and their associated proba-
bility density functions were recently reviewed and evaluated at representative tem-
peratures through a comprehensive cross-examination of extensive reaction rates
database (Hébrard et al., 2006) and implemented through a Monte-Carlo procedure
into a 1D photochemical model of Titan’s neutral atmosphere (Hébrard et al., 2007).
A sample of Nrun = 500 density proﬁles for each neutral species is generated at all
altitudes up to 1300 km and stored for analysis. The data are in a three dimensional
table
{cijk; i = 1, Nsp; j = 1, Nalt; k = 1, Nrun} (1)
where Nsp is the number of species, Nalt is the size of the altitude grid.
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These proﬁles could be used directly in the 0D ionospheric model. However we
preferred to build an intermediate probability density function (PDF) because it
provides insight into the structure of neutral densities uncertainties. In addition
this procedure enables a much larger number of runs to be used for uncertainty
propagation and analysis in ionospheric chemistry. Typically, we found that cumu-
lative density functions for ion densities were satisfyingly converged for 104 samples,
a number presently out of reach of the 1D model.
To design the PDF for neutral densities, we ﬁrst analyze their correlation struc-
ture. We consider two sources of correlation :
• ρaltij,il = 〈cijk, cilk〉k: spatial correlations for a given species, resulting mainly
from continuity laws of chemistry-transport processes, where 〈...〉k denotes the
correlation coeﬃcient calculated over the sample;
• ρspil,jl = 〈cilk, cjlk〉k: inter-species correlations, resulting from the chemical pro-
cesses and mass conservation law.
To account for non-linearities, Rank Correlation Coeﬃcients (RCC) have been used.
They convert nonlinear but monotonic relationship into a linear relationship by
replacing the values of the sampled inputs/outputs by their respective ranks (Hamby
1994; Helton et al. 2006).
The spatial correlation of densities for a species is linked to the deformations
caused to the density proﬁle by chemistry ﬂuctuations. If the density variations are
similar at all altitudes (all curves in a sample remain parallel), the RCC should be
equal to 1. A negative correlation would indicate opposite variations between two
altitudes. We calculated the RCC for altitudes between 800 and 1300 km in the
case of Strobel et al. 1992 eddy diﬀusion proﬁle. As expected, spatial correlation is
high: for all species, ρaltij,il is above 0.4, and for most species, the RCC distribution
over altitudes is strongly peaked at the maximal value. Globally, when a species
undergoes a density increase/decrease at the base of the ionosphere, there is a similar
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increase/decrease in all the upper column. As we are performing 0D calculations
for ionospheric chemistry, we can assume that it is safe to consider that all altitudes
are maximally correlated, ρaltij,il=1 for all altitude-pairs and species.
To evaluate the correlation between neutral densities, we chose an altitude rep-
resentative for ionospheric chemistry, i.e. 1200 km, and RCC’s for all pairs of
species have been evaluated at that altitude. We checked that the RCC’s ma-
trix was globally constant in the ionospheric altitude range. It appears that some
neutral densities are signiﬁcantly correlated. A good approximation of the correla-
tion matrix was obtained by using the linear correlations between the log-densities
log10 cil. This representative correlation matrix was used at every altitudes. The
probability density function is thus ﬁnally built as a multivariate normal density,
parametrized by the average values log10 cil and uncertainty factors Fil, such as
log10 cil = log10 cil ± log10 Fil, and the correlation matrix with elements ρspil,jl.
The sample for the full neutral densities probability density function, assuming
unity correlation between altitudes and altitude-independent inter-species correla-
tions, can be produced with the following procedure:
• Initializations:
– estimate average values and uncertainty factors of log-densities for all
species, at all altitudes;
– evaluate inter-species linear correlation matrix of log-densities C at a
representative altitude and calculate its Cholesky decomposition (Gelman
et al., 1995).
• Monte Carlo loop:
– generates Nsp standard normal deviates {ui ∼ N(0, 1); i = 1, Nsp};
– combines these into Nsp correlated numbers εi by the Cholesky procedure;
– loop over altitudes (j);
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∗ generates samples of correlated log-densities with altitude dependent
uncertainties
{
log10 cij = log10 cij + εi × log10 Fij ; i = 1, Nsp
}
.
3 Results and Discussion
3.1 Correlation of neutral densities
[Table 1 about here.]
We evaluated the correlation between the neutral density proﬁles in the Strobel
case. Representative values for some important species are reported in Table 1.
Strong correlations are observed between some neutrals, e.g. H2/CH4, N2/CH4 or
C2H2/C2H4, and result from the chemical network. A salient feature is the negative
correlation of CH4 with all other species in the table (increasing the density of CH4
causes a decrease in the density of those species). The strong negative correlation
of CH4 with N2 and H2 has probably not a chemical origin, but a physical one, i.e.
mass conservation. Full exploration of the other correlation is not relevant to the
present study, but will be detailed in a future article. A consequence to be kept in
mind for data ﬁtting is that, within the framework of a consistent photochemical
model, densities of species should not be adjusted independently of each other. For
this study, we conclude that those strong correlations cannot be a priori neglected
in the uncertainty propagation to ionospheric chemistry.
In order to check this point, we generated two samples in the Strobel case, one
correlated and one uncorrelated (setting the correlation matrix to identity: C = I).
We compared the densities and their uncertainties obtained with the two samples.
The eﬀect is illustrated on the 40 most abundant ions (Fig. 2). Except for very
few ions, the impact is negligible. Predicted ion densities and uncertainties are
practically insensitive to the correlation of neutral densities.
[Figure 2 about here.]
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A signiﬁcant eﬀect can however be observed on the correlation between ion den-
sities, as can be seen from the compared cumulative density functions of correlation
coeﬃcients of all ions pairs on Fig. 3. For uncorrelated neutral densities, the RCC’s
are globally weak, massively located, with 90% probability, between -0.1 and 0.6,
whereas for the correlated case the corresponding probability interval spreads be-
tween -0.3 and 0.8. The proportion of signiﬁcant correlations increases thus notably
when neutrals correlation is taken into account. We observe therefore a correla-
tion transfer from neutrals to ions. This might be relevant for the computation of
observables combining ion densities. As observed before, this correlation restricts
considerably the degrees of freedom when, for instance, adjusting the ion densities
to match an observable (as an ion mass spectrum).
[Figure 3 about here.]
In conclusion to this section, we note that correlation between neutral densities
has certainly to be taken into account for data ﬁtting or sensitivity analysis, but
that it can safely be neglected for the sole purpose of uncertainty propagation.
3.2 Eﬀect of the neutral transport processes on the ion con-
centrations
As shown in Hébrard et al. (2007), the turbulent macroscopic transport of the neutral
species in Titan ionosphere is not yet tightly constrained by the existing observations
and might vary between two extreme cases described in Strobel et al. (1992) and
Toublanc et al. (1995). For simplicity, these two cases will be called the “Strobel
case” and the “Toublanc case”. The eddy coeﬃcient proﬁles are given on Fig. 1. The
Strobel case corresponds to a high homopause level (1040 km) whereas the Toublanc
case corresponds to a low homopause level (680 km). The two corresponding neutral
density proﬁles obtained by Hébrard et al. (2007), for diurnally averaged chemistry,
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were used as inputs of our simulations, allowing us to evaluate the impact of the
poorly known neutral transport processes on the ionic species.
The density proﬁle of the major ion , HCNH+ in Titan ionosphere, is represented
on Fig. 4 for both neutral transport cases. The nominal proﬁles are signiﬁcantly
diﬀerent for altitudes lower than 950 km: HCNH+ density is up to 10 times larger
at 800 km in the Strobel case. This conﬁrms the sensitivity of the ionospheric
chemistry model to the neutral density proﬁles previously noticed by Keller et al.
(1998). Moreover, the uncertainties on HCNH+ density diﬀer signiﬁcantly from one
case to the other, with a larger uncertainty in the Toublanc case, at all altitudes.
[Figure 4 about here.]
The altitude 1200 km is of speciﬁc interest, being the average altitude of the
ﬁrst Cassini’s ﬂyby T5 providing data on ion densities. We compared the eﬀect of
both neutral diﬀusion cases on the ten major ions calculated by our model at this
altitude: HCNH+, C2H+5 , CH
+
5 , N
+
2 , C3H
+
5 , CH
+
3 , N2H+, N(3P)+, C2H
+
4 and C2H
+
3 .
The densities with their uncertainties are reported on Fig. 5. The ions are ranked by
decreasing density. The results are highly dependent on the eddy diﬀusion proﬁle:
quite precise ion densities in the Strobel case, and relative uncertainties of one or
two orders of magnitude for all ions in the Toublanc case.
[Figure 5 about here.]
One can conclude that the eddy coeﬃcient chosen to describe the transport of
the neutral species inﬂuences signiﬁcantly the nominal density proﬁles of the ion
species but also their uncertainty. The chemistry of the ions in Titan ionosphere
cannot be decorrelated from transport considerations.
There is still to understand why the uncertainties in the Toublanc case are much
larger than in the Strobel case. A reason lies probably in the uncertainty on the
major neutral reactant, methane (CH4). Indeed the uncertainty on the methane
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proﬁles at the ionospheric altitudes is substantially larger in the Toublanc case (see
Fig. 6). The uncertainty factor FCH4 at 1200 km is equal to about 1.1 in the Strobel
case and about 5.7 in the Toublanc case. High-homopause proﬁles seem to restrain
to some extent the propagation of chemical uncertainties in the upper atmosphere
contrary to low-homopause proﬁles.
[Figure 6 about here.]
The reason for such a discrepancy on methane uncertainty is not yet fully es-
tablished. However, the vertical transport is more important in the case of a high
homopause. This means that the vertical renewal of the species through transport,
compensates more eﬃciently for the chemical losses. The transport can thus be
considered as an attenuation factor of the chemical uncertainties on the neutral
densities.
3.3 Comparison of two uncertainty sources: neutral densities
and ion-molecule reactions parameters
We compared the respective contributions of the neutral densities and of the pa-
rameters of ion-molecule reactions to the ion density uncertainty by ﬁrst performing
uncertainty propagation on both uncertainty sources separately. As earlier, both
Strobel and Toublanc cases were considered to encompass extreme transport pro-
cesses in Titan ionosphere.
The ten major ion densities are reported in Fig. 7, with their uncertainties
for both Strobel and Toublanc cases. Each case is compared with the uncertainty
contribution of the ion-molecule reaction parameters. In the Toublanc case, the
uncertainty due to the ion-molecule reaction parameters is negligible in comparison
to the uncertainty due to the neutral densities. This implies that in this case,
the uncertainty on the ion densities is mainly controlled by the uncertainty on the
neutral atmosphere rather than by the ion reactivity itself. In the Strobel case,
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similar amplitudes for both uncertainty sources are observed. The conclusions are
therefore depending on the ions: a prevalence of the neutral density uncertainty is
observed for C3H+5 and C2H
+
3 , whereas a prevalence of the ion-molecule reaction
parameters is observed for C2H+4 . Similar contribution of both uncertainty sources
aﬀect HCNH+, C2H+5 , CH
+
5 , N
+
2 , CH
+
3 , N2H+, and N(3P)+.
[Figure 7 about here.]
The Strobel case corresponds to a high homopause conﬁguration. One can notice
that the hypothesis of a high homopause seems to be consolidated by the recent
INMS data (Yelle et al., 2006).
4 Conclusion
We presented the ﬁrst evidence of the inﬂuence of the modeling of turbulent trans-
port of neutral species on the uncertainty of ion chemistry in Titan ionosphere.
We found a strong sensitivity of ion chemistry to the description of turbulent
neutral transport. The uncertainties on the ion densities were much higher with a
low homopause hypothesis than with a high homopause level. This eﬀect can be
explained by a competition between vertical transport and chemistry: an eﬃcient
vertical transport attenuates the chemical uncertainties. In the case of a low ho-
mopause, the uncertainty of the ion densities due to the ion chemistry was even
found negligible in comparison to the uncertainty due to the neutral densities. This
highlights the necessity to constrain eddy diﬀusion proﬁles for Titan ionosphere,
which should progressively be done thanks to the present and future measurements
of the Cassini orbiter (Yelle et al. 2006).
The present study focused on the sensitivity of a Titan ionospheric model to
two particular sources of uncertainty: the description of the neutral density proﬁles,
and the ion-molecule chemistry parameters. Additional sources of uncertainty are
still to be studied, such as uncertainties on the photo-dissociation or recombination
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rates, which would allow a complete overview of the needs and limits of the actual
model, in order to improve it.
We showed that neutral species are strongly correlated by the photochemical
model and transfer an important correlation between ion densities. This provides
chemistry-based constraints that might be useful when trying to ﬁt models to mea-
sured Mass Spectra, for instance by tuning neutral densities.
The present simulations provide a basis for a sensitivity analysis, from which to
identify the key reactions and species strongly responsible for outputs uncertainty.
In a forthcoming paper, we will present results along this line, pertaining to both
ion-molecule and neutral chemistry.
Appendix:
Dirichlet Uniform Distribution (DIUD) for branching
ratios of ion-molecule reactions
An elicitation scheme is based on considerations about the nature of the uncertainties
to be represented. Branching ratios are often speciﬁed by intervals (Jenkinson 2005;
Bates et al. 2003), and it is assumed that there is no reason to favor any value
within a given interval. This case seems indeed to be the one favored by experts
in the measurement of branching ratios. They consider that they report intervals
accounting for systematic errors with enough latitude to encompass all acceptable
values (Carrasco et al. 2006).
The distribution is deﬁned uniformly over the (n− 1)-simplex
(b1, . . . , bn) ∼ Dirichlet(1, . . . , 1) (2)
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with an additional set of constraints,
bi ∈ [bi,min, bi,max] (3)
The deﬁnition of the limits of the intervals depends on the available information. If
one gets a set as (bi,bi)ni=1, one has simply bi,min = bi −Δbi and bi,max = bi + Δbi.
For the sake of convenience, we name this truncated uniform Dirichlet distribution
DIUD in the following. It has 2n parameters
(b1, . . . , bn) ∼ DIUD(b1, . . . , bn,Δb1, . . . ,Δbn) (4)
Samples corresponding to the same branching ratios (0.6, 0.3, 0.1) for 10% and 90%
relative uncertainty are displayed in Fig. 8. Note that, although the distribution
is uniform over the restricted (n− 1)-simplex, this is not the case for the marginal
distributions.
The most thorough method to produce samples from this distribution is to draw
samples from the uniform Dirichlet distribution (generated by the Gamma algo-
rithm, Gelman et al. 1995) and to reject those lying outside the prescribed intervals.
However for fairly accurate branching ratios, this method can spill a lot of random
draws.
[Figure 8 about here.]
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CH4 C2H2 C2H4 C2H6 N2 HCN
H2 -0.85 0.23 0.41 0.31 0.86 0.52
CH4 -0.20 -0.45 -0.56 -0.99 -0.69
C2H2 0.84 0.15 0.13 0.02
C2H4 0.25 0.40 0.19
C2H6 0.56 0.43
N2 0.68
Table 1: Rank correlation coeﬃcients between selected neutral densities at 1200 km.
Coeﬃcients with an absolute value above 0.5 are in bold face.
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Figure 1: Eddy diﬀusion proﬁles - Hidayat et al. (1997) proﬁle (solid line), Strobel
et al. (1992) proﬁle (dashed line) and Toublanc et al. (1995) proﬁle (dot dashed
line). The methane molecular diﬀusion coeﬃcient proﬁle is also included.
22
AC
CE
PT
ED
 M
AN
US
CR
IPT
ACCEPTED MANUSCRIPT
0
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40
0.01 0.1 1 10 100 1000
Ion density (cm-3)
Fig. 2 – Eﬀect of inter-species correlation of neutral species on ion densities at 1200
km with a Strobel et al. (1992) eddy diﬀusion proﬁle: the ion densities of the 40 most
abundant ions are depicted. Empty boxes: no correlation, Filled boxes: correlation.
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Figure 3: Inter-species rank correlation coeﬃcients for the densities of ions of the
ionospheric model at 1200 km: empirical cumulative density function (CDF) for all
pairs of ions. Dashed line: uncorrelated neutral densities; plain line : correlated
case.
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Figure 4: Density proﬁles of HCNH+: (a) with Strobel et al. eddy coeﬃcient ; (b)
with Toublanc et al. eddy coeﬃcient.
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Figure 5: Densities of the ten major ions at altitude 1200 km for the two eddy
coeﬃcients. Boxplots depict 50% and 90% conﬁdence intervals. For each ion density,
the upper boxplot corresponds to the Toublanc case, whereas the lower boxplot
depicts uncertainty propagation in the Strobel case.
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Figure 6: Density proﬁle of methane in Titan ionosphere (a) in the Strobel case, (b)
in the Toublanc case.
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Figure 7: Densities of the ten major ions at altitude 1200 km for the two eddy co-
eﬃcients : (a) Strobel case, (b) Toublanc case. Boxplots depict 50% and 90% conﬁ-
dence intervals. For each ion density, the upper boxplot corresponds to uncertainty
propagation of the neutral density, whereas the lower boxplot depicts uncertainty
propagation of ion chemistry parameters.
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Figure 8: Samples and marginals from Dirichlet distributions: (a) 10% relative
uncertainty (b1, b2, b3) ∼ DIUD ((0.6, 0.3, 0.1) , (0.06, 0.03, 0.01)); (b) 90% relative
uncertainty (b1, b2, b3) ∼ DIUD ((0.6, 0.3, 0.1) , (0.54, 0.27, 0.09)).
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